The corrosion behaviors of SiC/SiC composite constituent materials in pure water at operating conditions, such as 300 • C and 8.5 MPa, were studied for potential application in accident-tolerant light water reactor (LWR) fuel cladding and core structures. Five kinds of SiC fibers, four kinds of SiC matrices, and three kinds of fiber/matrix interphase materials were examined in autoclaves. The potential constituent materials for future use in SiC/SiC composites were selected by considering corrosion rates and residual strength characteristics. The mass changes and the residual strength of each specimen were measured. SEM images of the surface layers were also inspected. The SiC fibers, regardless of their purity, crystallinity or stoichiometric ratio, decreased in strength due to the hydrothermal corrosion. For its part, the hydrothermal corrosion resistance of CVD-SiC, as a SiC matrix, was found to be affected by manufacturing conditions such as raw material gas type and synthesis temperature, as well as post-machining morphology. The CVD-carbon (CVD-C), as a fiber/matrix interphase material, showed good hydrothermal corrosion resistance. In order to protect the SiC fibers and the SiC matrices from hydrothermal corrosion, it would appear to be necessary to apply a dense CVD-C coating to both every fiber and the entire surface of the SiC matrices.
Introduction
Fiber-reinforced ceramic matrix composites are some of the most promising materials for high-temperature structural applications. Silicon carbide matrix composites are being considered for use as a material for hot section parts of jet engines and gas turbines, and for fusion structural materials [1] [2] [3] . Recent high-profile events, such as the incident at the Fukushima Daiichi nuclear power plant, have turned attention to SiC/SiC composites as potential candidates for structural materials to be used in accident-tolerant fuel (ATF) systems of light water reactor (LWR) applications [4] [5] [6] [7] [8] [9] [10] [11] . In the incident at the Fukushima Daiichi nuclear power plant, the oxidation of metallic components in high-temperature steam generated hydrogen and caused the explosion of the reactor building. In order to reduce the probability of such hydrogen explosions in the future, SiC/SiC composites are being seriously considered for their effectiveness and accident tolerant properties [6] [7] [8] . In addition, many research institutions and industry leaders have formed collaborative teams to start ATF development programs in order to apply SiC/SiC composites to LWR applications [8] [9] [10] . Toshiba has started designing materials for applying the SiC/SiC composites to the accident-tolerant LWR fuel cladding and core structures and has been developing process technologies for thin-walled and elongated CVI-SiC/SiC-based tubes and boxes [5, 6] . Small-scale prototypes of thin-walled CVI-processed SiC composite tubes and boxes made from SiC fibrous pre-forms have been fabricated [6, 8] .
Although many studies on the hydrothermal corrosion characteristics of SiC/SiC composites have been conducted, the hydrothermal corrosion of SiC/SiC composites remains among the various feasibility issues that have not yet been fully addressed [6] [7] [8] 10, [12] [13] [14] [15] . In particular, how the hydrothermal corrosion resistance of each constituent material affects the overall hydrothermal corrosion of SiC/SiC composites remains unclear.
Firstly, as for SiC fibers, although there are SiC fibers of varying purity, crystallinity, and stoichiometric ratio, it is not yet clear how they differ in terms of corrosion resistance [16] [17] [18] . Secondly, as for SiC matrices, high purity grade SiCs have been shown to be more resistant to corrosion but dissolved oxygen in the water accelerated corrosion [12, 13, 19] . The SiCs appeared to corrode by way of forming silica on the surface and silica dissolving in water at about 300 • C [14] . Namely, the corrosion behavior of high purity grade SiCs is not yet entirely clear. Finally, the hydrothermal corrosion behavior of fiber/matrix interphase materials, such as CVD-Cs and CVD-BNs that have been commonly applied in SiC/SiC composites, also remains unclear [1] [2] [3] 20] .
In this study, candidate constituent materials for SiC/SiC composites, such as SiC fibers, SiC matrices, and fiber/matrix interphase materials, were examined in pure water at operating conditions such as 300 • C and 8.5 MPa to determine the optimal constituent materials for preventing or minimizing hydrothermal corrosion of SiC/SiC composites.
Materials
There are three main types of SiC matrix fabrication processes of SiC/SiC composites: chemical vapor infiltration (CVI), precursor impregnation and pyrolysis (PIP), and melt infiltration (MI). The CVI process forms a highly pure, stoichiometric and polycrystalline SiC matrix at lower process temperatures which allows SiC fibers to be used without degradation. Generally, the densification rate is slow and leaves an unavoidable final porosity due to the infiltration of a gas phase SiC precursor. This forms a porous SiC matrix which has a relatively high residual porosity (>10 vol.%) [1] [2] [3] 21] . Some issues related to the infiltration of a gas phase precursor include limits in terms of scaling and shaping capabilities during the manufacturing process. However, this process is suitable for forming thin-walled structures, such as the channel box (rectangular structure with thin walls) and the cladding tube (cylindrical structure with thin walls). For the reasons stated above, the CVI process is an effective method for producing SiC/SiC composites that satisfy the requirements of core structures, though issues relating to hydrothermal corrosion, porosity, scalability, and manufacturing costs remain [5] .
Specimens of five kinds of SiC fibers ("Hi-Nicalon Type S", "Hi-Nicalon", "Tyranno fiber SA", "Tyranno fiber ZMI", "Tyranno fiber LoxM"), four kinds of SiC matrices (CVD-SiCs) and three kinds of fiber/matrix interphase materials (CVD-C and two kinds of CVD-BNs) were prepared. These specimens are shown in Table 1 . Product names may be trademarks of their respective companies. 
Constituent Material Candidates Dimensions and Quantities
SiC fiber "Hi-Nicalon Type S" (NGS) "Hi-Nicalon" (NGS) "Tyranno fiber SA" (Ube) "Tyranno fiber ZMI" (Ube) "Tyranno fiber LoxM" (Ube) ϕ12 µm × 500 filaments/strand × 10 m ϕ14 µm × 500 filaments/strand × 10 m ϕ10 µm × 800 filaments/strand × 10 m ϕ11 µm × 800 filaments/strand × 10 m ϕ11 µm × 800 filaments/strand × 10 m The "Hi-Nicalon Type S" and "Hi-Nicalon" fibers are the product of NGS Advanced Fibers, and "Tyranno fiber SA", "Tyranno fiber ZMI", and "Tyranno fiber LoxM" are the product of Ube Industries. The "Hi-Nicalon", "Tyranno fiber ZMI", and "Tyranno fiber LoxM" fiber specimens were selected for this study for comparison purposes [22, 23] . Each SiC fiber specimen tested was a strand with a length of 10 meters. The length was enough to make the specimens for both the tensile strength tests and linear density measurements after the corrosion tests.
The four kinds of CVD-SiC specimens tested consisted of 3 × 4 × 40 mm plates of bulk materials; one type was a product of Morgan Technical Ceramics, one type was a product of Admap, and two of the specimen prototypes were fabricated for this study using different raw material gases and by adjusting CVD synthesis temperatures. All the CVD-SiC specimens were confirmed to be pure and stoichiometric β-SiC crystals [24, 25] .
A 40 µm thick layer of Ibiden-dense CVD-C coating was applied to a 3 × 4 × 40 mm graphite base material. Two kinds of dense, high-purity CVD-BN specimens by Momentive Performance Materials and Shin-Etsu Chemical were made into 3 × 4 × 40 mm plates of bulk materials. The CVD-BN specimens were selected for this study for comparison purposes [22, 26] .
Experiments
Corrosion tests were examined in pure water at 300 • C and 8.5 MPa in 7.3 liter autoclaves. At this temperature and pressure, the amount of dissolved oxygen in the water was approximately 8 ppm and the pH was between 6 and 7. The exposure times were 0 h, 20 h, and 40 h (JIS R 1647). Before the tests of the SiC fibers were conducted, the sizing agents were eliminated by soaking each fiber specimen in 90 • C water. For each specimen, mass and/or strength were measured before and after the corrosion test.
The tensile strengths of the "Hi-Nicalon Type S" and "Hi-Nicalon" made by NGS Advanced Fibers were tested before and after the corrosion tests using fiber strands with resin (n = 5) (JIS R 1657, ISO deliberations). As for the "Tyranno fiber SA", "Tyranno fiber ZMI", and "Tyranno fiber LoxM" specimens made by Ube Industries, the tensile strengths before the corrosion tests were tested using fiber strands with resin (n = 5) and mono-filament (n = 20) and after the corrosion tests using mono-filament (n = 20) (JIS R 1657). The SEM images of the surface layers were also taken, and auger electron spectroscopy (AES) depth analyses were conducted on the SiC fibers. The linear density (TEX) of each fiber before and after the corrosion tests were measured using a strand 1 m in length (n = 3) and thickness loss for each fiber was calculated from the linear density measurement.
As for the CVD-SiCs, the four-point bending strength before and after the corrosion tests was tested using a 3 × 4 × 40 specimen (n = 5) (JIS R 1601, ISO 14704). The SEM images of the surface layers were taken.
Results and Discussion

SiC Fiber
Tensile strengths of five kinds of SiC fibers before and after the corrosion tests are shown in Figure 1 . The strengths of all SiC fibers regardless of their purity, crystallinity or stoichiometric ratio were degraded by hydrothermal corrosion in 300 • C and 8.5 MPa water from a very early stage. The initial strengths of both the "Hi-Nicalon Type S" and "Hi-Nicalon" specimens were over 4 GPa, which was higher than specified in commercial data. The residual strengths of the "Hi-Nicalon Type S" and "Hi-Nicalon" specimens decreased proportionally to the exposure time and showed 74% and 71% of their initial strengths after 40 hours, respectively. Nevertheless, the residual strengths of the "Hi-Nicalon Type S" and "Hi-Nicalon" specimens remained above 3 GPa. On the other hand, the residual strength of the "Tyranno fiber SA", "Tyranno fiber ZMI", and "Tyranno fiber LoxM" specimens dropped once from 0 to 20 hours but then maintained 67%, 87%, and 87% of their initial strengths, respectively, from 20 to 40 hours. Microphotographs of the surface morphology of the "Hi-Nicalon Type S" and "Hi-Nicalon" SiC fiber specimens before and after the corrosion tests are shown in Figure 2 . There was no change in surface morphology observed in the "Hi-Nicalon" specimen, whereas the surface of the "Hi-Nicalon Type S" specimen was slightly less smooth after the test. Thickness losses of each specimen were calculated from linear density measurements and were found to be 135 nm and 193 nm for the "Hi-Nicalon Type S" and "Hi-Nicalon" specimens, respectively ( Table 2 ). This suggests that the decrease in SiC fiber strength was related to their thickness losses as a result of the corrosion. Microphotographs of the surface morphology of the "Hi-Nicalon Type S" and "Hi-Nicalon" SiC fiber specimens before and after the corrosion tests are shown in Figure 2 . There was no change in surface morphology observed in the "Hi-Nicalon" specimen, whereas the surface of the "Hi-Nicalon Type S" specimen was slightly less smooth after the test. Thickness losses of each specimen were calculated from linear density measurements and were found to be 135 nm and 193 nm for the "Hi-Nicalon Type S" and "Hi-Nicalon" specimens, respectively ( Table 2 ). This suggests that the decrease in SiC fiber strength was related to their thickness losses as a result of the corrosion. Microphotographs of the surface morphology of the "Hi-Nicalon Type S" and "Hi-Nicalon" SiC fiber specimens before and after the corrosion tests are shown in Figure 2 . There was no change in surface morphology observed in the "Hi-Nicalon" specimen, whereas the surface of the "Hi-Nicalon Type S" specimen was slightly less smooth after the test. Thickness losses of each specimen were calculated from linear density measurements and were found to be 135 nm and 193 nm for the "Hi-Nicalon Type S" and "Hi-Nicalon" specimens, respectively ( Table 2 ). This suggests that the decrease in SiC fiber strength was related to their thickness losses as a result of the corrosion. As shown in Figure 3 , the composition differed between the surface and the inside of the fibers. The surface composition of both fibers changed after the tests. Although the initial oxygen content of the "Hi-Nicalon Type S" specimen was up to 20% within the top 5 nm of the surface, it decreased to almost 0%, whereas the carbon content increased from 45% to almost 60% after the test. On the other hand, although the initial carbon content of the "Hi-Nicalon" specimen was over 60% within the top 5 nm of the surface, it decreased to below 50%, and the oxygen content increased from almost 0% to 15% after the test. In both types, surface compositions differed from those of the inner fibers as a result of the corrosion tests. The compositional changes observed at the surface suggest that these changes were responsible for some type of hydrothermal oxidation occurring on the surface of the fiber. Furthermore, the thickness of the hydrothermal oxidation layer was found to be extremely thin. That is, the hydrothermal oxidation layer appeared to dissolve in 300 • C and 8.5 MPa water.
Ceramics 2019, 2 FOR PEER REVIEW 5 Thickness loss (nm) 0 21 193
As shown in Figure 3 , the composition differed between the surface and the inside of the fibers. The surface composition of both fibers changed after the tests. Although the initial oxygen content of the "Hi-Nicalon Type S" specimen was up to 20% within the top 5 nm of the surface, it decreased to almost 0%, whereas the carbon content increased from 45% to almost 60% after the test. On the other hand, although the initial carbon content of the "Hi-Nicalon" specimen was over 60% within the top 5 nm of the surface, it decreased to below 50%, and the oxygen content increased from almost 0% to 15% after the test. In both types, surface compositions differed from those of the inner fibers as a result of the corrosion tests. The compositional changes observed at the surface suggest that these changes were responsible for some type of hydrothermal oxidation occurring on the surface of the fiber. Furthermore, the thickness of the hydrothermal oxidation layer was found to be extremely thin. That is, the hydrothermal oxidation layer appeared to dissolve in 300 °C and 8.5 MPa water.
As a result, all the SiC fibers, regardless of their purity, crystallinity or stoichiometric ratio decreased in strength due to the hydrothermal corrosion from a very early stage. The SiC fibers would not normally be exposed to water should SiC/SiC composites be applied in LWR applications, since the fibers would be embedded in a SiC matrix. However, there could be the possibility that water might penetrate into the porous SiC matrix from initial cracks. These results suggest that, in order to use these fibers in LWR applications, it would be necessary to apply a corrosion-resistant coating to every fiber to protect them from hydrothermal corrosion. 
SiC Matrix
The corrosion behavior of four kinds of CVD-SiC specimens is shown in Figure 4 . All CVD-SiC specimens showed mass loss in 300 °C and 8.5 MPa water. However, the amount of mass loss differed significantly depending on their CVD-SiC fabrication conditions. The least corrosion mass change was observed in the Admap specimen, followed by the Morgan specimen, the prototype-1 specimen, and the prototype-2 specimen. It is important to note that the corrosion in the Admap and prototype-1 specimens appeared to be decelerating and might plateau. As a result, all the SiC fibers, regardless of their purity, crystallinity or stoichiometric ratio decreased in strength due to the hydrothermal corrosion from a very early stage. The SiC fibers would not normally be exposed to water should SiC/SiC composites be applied in LWR applications, since the fibers would be embedded in a SiC matrix. However, there could be the possibility that water might penetrate into the porous SiC matrix from initial cracks. These results suggest that, in order to use these fibers in LWR applications, it would be necessary to apply a corrosion-resistant coating to every fiber to protect them from hydrothermal corrosion.
The corrosion behavior of four kinds of CVD-SiC specimens is shown in Figure 4 . All CVD-SiC specimens showed mass loss in 300 • C and 8.5 MPa water. However, the amount of mass loss differed significantly depending on their CVD-SiC fabrication conditions. The least corrosion mass change was observed in the Admap specimen, followed by the Morgan specimen, the prototype-1 specimen, and the prototype-2 specimen. It is important to note that the corrosion in the Admap and prototype-1 specimens appeared to be decelerating and might plateau.
The following is an equation of the hydrothermal corrosion of SiC in 300 °C water [14] :
That is to say, sections of the SiC specimens were found to corrode by way of forming silica and, subsequently, silica dissolving in water. The surface morphology of the CVD-SiC specimens before and after the corrosion tests suggests that the scratches due to the surface machining could promote corrosion. As shown in Figure 5 , underlying residual machined scratches became starting points for corrosion. These scratches appeared after surface layers dissolved in 300 °C and 8.5 MPa water. The presence of etched microstructures with grain boundaries in the images taken after the tests suggests the grain boundary could be also a starting point for corrosion [12, 13, 19] . Figure 6 shows the bending strengths of the four kinds of CVD-SiC specimens before and after the corrosion tests. Three of the specimens maintained their initial strengths, though that of prototype-2 increased by slightly less than 200 MPa as shown in Figure 6 . This phenomenon seemed to be attributed to the dulling of the cracks by the corrosion. The following is an equation of the hydrothermal corrosion of SiC in 300 • C water [14] :
SiC + 2H 2 O = SiO 2 + CH 4 (1)
That is to say, sections of the SiC specimens were found to corrode by way of forming silica and, subsequently, silica dissolving in water.
The surface morphology of the CVD-SiC specimens before and after the corrosion tests suggests that the scratches due to the surface machining could promote corrosion. As shown in Figure 5 , underlying residual machined scratches became starting points for corrosion. These scratches appeared after surface layers dissolved in 300 • C and 8.5 MPa water. The presence of etched microstructures with grain boundaries in the images taken after the tests suggests the grain boundary could be also a starting point for corrosion [12, 13, 19] . Figure 6 shows the bending strengths of the four kinds of CVD-SiC specimens before and after the corrosion tests. Three of the specimens maintained their initial strengths, though that of prototype-2 increased by slightly less than 200 MPa as shown in Figure 6 . This phenomenon seemed to be attributed to the dulling of the cracks by the corrosion. The hydrothermal corrosion resistance of the CVD-SiC specimens appeared to be affected by manufacturing conditions such as raw material gas type and CVD synthesis temperature as well as post-machining morphology. Optimal CVD manufacturing conditions were found to be essential in order to decrease or minimize this corrosion. These results imply that improvements in these conditions should lead to increased hydrothermal corrosion resistance. If optimal conditions have yet to be determined, these results suggest that it would be necessary to apply a dense corrosionresistant coating to the entire surface of the SiC matrices as well as the SiC fibers to protect them from hydrothermal corrosion. Future work evaluating the corrosion resistance of CVD-SiCs under different pressure conditions may be necessary to optimize the manufacturing conditions of SiC matrices for use in different LWR applications.
Fber/Matrix Interphase Material
The corrosion behavior of the two kinds of interphase constituent materials is shown in Figure  7 . As shown in Figure 7 , the CVD-C coating specimen exhibited good corrosion resistance at 300 °C and 8.5 MPa. This is consistent with results obtained previously in which dense graphite carbon The hydrothermal corrosion resistance of the CVD-SiC specimens appeared to be affected by manufacturing conditions such as raw material gas type and CVD synthesis temperature as well as post-machining morphology. Optimal CVD manufacturing conditions were found to be essential in order to decrease or minimize this corrosion. These results imply that improvements in these conditions should lead to increased hydrothermal corrosion resistance. If optimal conditions have yet to be determined, these results suggest that it would be necessary to apply a dense corrosion-resistant coating to the entire surface of the SiC matrices as well as the SiC fibers to protect them from hydrothermal corrosion. Future work evaluating the corrosion resistance of CVD-SiCs under different pressure conditions may be necessary to optimize the manufacturing conditions of SiC matrices for use in different LWR applications.
The corrosion behavior of the two kinds of interphase constituent materials is shown in Figure 7 . As shown in Figure 7 , the CVD-C coating specimen exhibited good corrosion resistance at 300 • C and 8.5 MPa. This is consistent with results obtained previously in which dense graphite carbon provided superb hydrothermal corrosion resistance in water up to about 400 • C [19, 26] . On the other hand, CVD-BN specimens from Momentive Performance Materials exhibited significant mass loss with exposure time which is consistent with results obtained previously with sintered BN containing impurities [20] . All CVD-BN specimens from Shin-Etsu dissolved after 20 hours and are not shown in Figure 7 . 
Conclusions
In this study, the hydrothermal corrosion behaviors of constituent materials of SiC/SiC composites were evaluated in order to determine which would be optimal for future use in LWR applications. Candidate constituent materials, such as SiC fibers, SiC matrices, and fiber/matrix interphase materials, were examined in pure water at operating conditions such as 300 °C and 8.5
MPa at approximately 8 ppm of dissolved oxygen.
The tested SiC fibers, regardless of their purity, crystallinity or stoichiometric ratio, were degraded by hydrothermal corrosion in 300 °C and 8.5 MPa water from a very early stage. The hydrothermal corrosion resistance of CVD-SiC specimens was affected by manufacturing conditions such as raw material gas type and CVD synthesis temperature as well as post-machining morphology. Optimal CVD manufacturing conditions were found to be essential in order to decrease or minimize this corrosion. These results imply that improvements in these conditions should lead to increased hydrothermal corrosion resistance.
On the other hand, the CVD-C coating, as an interphase material, exhibited good corrosion resistance in 300 °C and 8.5 MPa water. It was confirmed that dense graphite carbon provided good hydrothermal corrosion resistance in 300 °C and 8.5 MPa water. These results suggest that in order to use these materials in LWR applications, it would be necessary to apply a dense CVD-C coating to every individual fiber and the entire surface of SiC matrix to protect them from hydrothermal corrosion. The following is an equation for the hydrothermal corrosion of powders and sintered bodies of hexagonal BN [20] :
That is to say, dense CVD-BNs were found to corrode by way of forming boric oxide and ammonia which both dissolved in water at 300 • C and 8.5 MPa.
As a result, a dense CVD-C coating was found to be suitable for fiber/matrix interphase materials in CVI-SiC/SiC composites for LWR applications. Namely, this dense CVD-C coating would act as a fiber/matrix interphase in addition to providing corrosion protection. In order to achieve this, it would be necessary to apply a dense CVD-C coating to the entire surface of every individual fiber. Moreover, there is a possibility that applying a dense CVD-C coating to the entire surface of the SiC matrix would further protect it from hydrothermal corrosion.
In this study, the hydrothermal corrosion behaviors of constituent materials of SiC/SiC composites were evaluated in order to determine which would be optimal for future use in LWR applications. Candidate constituent materials, such as SiC fibers, SiC matrices, and fiber/matrix interphase materials, were examined in pure water at operating conditions such as 300 • C and 8.5 MPa at approximately 8 ppm of dissolved oxygen.
The tested SiC fibers, regardless of their purity, crystallinity or stoichiometric ratio, were degraded by hydrothermal corrosion in 300 • C and 8.5 MPa water from a very early stage. The hydrothermal corrosion resistance of CVD-SiC specimens was affected by manufacturing conditions such as raw material gas type and CVD synthesis temperature as well as post-machining morphology. Optimal CVD manufacturing conditions were found to be essential in order to decrease or minimize this corrosion. These results imply that improvements in these conditions should lead to increased hydrothermal corrosion resistance.
On the other hand, the CVD-C coating, as an interphase material, exhibited good corrosion resistance in 300 • C and 8.5 MPa water. It was confirmed that dense graphite carbon provided good hydrothermal corrosion resistance in 300 • C and 8.5 MPa water. These results suggest that in order to use these materials in LWR applications, it would be necessary to apply a dense CVD-C coating to every individual fiber and the entire surface of SiC matrix to protect them from hydrothermal corrosion. 
